The oxygen reduction (ORR) and oxygen evolution reactions (OER) in Zn-air batteries (ZABs) require highly efficient, cost-effective and stable electrocatalysts as replacements to traditionally high cost, inconsistently stable and low poison resistant Platinum group metals (PGM) catalysts.
INTRODUCTION
Benefiting from high-energy density, rechargeability and environmental benignancy, Zinc-air battery (ZABs) technology has been widely regarded as one of the most promising energy conversion and storage technologies to meet the growing energy demands of large-scale application for electric vehicles and other electricity-related devices. [1] [2] [3] [4] [5] The two prominent reactions involved in ZABs are oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), both of which determine the practical performance of ZABs. Thus, the use of highly efficient and stable electrocatalysts as air electrodes is of paramount significance for facilitating the sluggish ORR and OER, thereby attaining high power and long operating lifetime performance for ZABs. Typically, platinum group metals (PGM) are most favorable as ORR and OER catalysts displaying absolute superiority of catalytic activity. However, the high cost, poor stability/durability and low poison resistance of PGM have been the primary barriers that hamper widespread commercialization of ZABs. 2, [6] [7] [8] [9] With decades of extensive research in developing cost-effective catalysts that possess remarkable catalytic performance, a new generation of PGM-free electrocatalysts based on carbon materials such as heteroatom doped carbon nanotubes, graphene, and porous carbons have been studied. Most of these carbon catalysts exhibit comparable activity to PGM catalysts, which can be attributed to the heteroatom-introduced electron density redistribution of surface carbon atoms and an increase in pentagonal graphene edge defects. Among these, nitrogen-doped carbon nanotube (NCNT) arrays have previously shown impressive performance in fuel cells due to their favorable properties such as the in-situ growth of NCNT electrocatalyst on electrode substrate. 5, [10] [11] However, many well-developed NCNT arrays present with a hydrophobic surface characteristic that does not allow for O2, H2O, OH -and other ORR or OER intermediates to sufficiently permeate through the NCNT arrays, creating an isolation of interior active sites.
Additionally, the fabrication of carbon nanotube arrays are generally achieved through bottom-up processes by using transitional metal nanoparticles (NPs), mainly distributed at the base of NCNT arrays, as seeds for nanotube growth. This nano-architecture displaying hydrophobic properties at the carbon surface is unfavorable for fully accessible active sites being derived from carbon-encapsulated transition metals at the NCNT array base. Besides, neither the commonly used Si or Cu substrates are suitable for serving as an air electrode in ZABs, due to their airimpenetrability and easy corrosion in alkaline electrolyte. [12] [13] Thus, to further improve the performance of carbon nanotube arrays electrocatalysts in fuel cells will be a great challenge using the conventional synthesis strategy.
Inspired by the mechanism of apical dominance in plant growth, where the shoot apex upward growth is crucial for better access to a light source, thus promoting more efficient photosynthesis when compared to lateral bud growth. [14] [15] Hence, according to plant physiology, it is conceivable that vertically grown NCNT arrays that present apically dominant active sites are better equipped to absorb O2, H2O, OH -and other associated reactants for a more immediate ORR or OER response, than compared with the base-grown NCNT arrays. For this reason, it is of great interest to rationally design a NCNT array electrode with enhanced catalytic activity at the NCNT apex. Herein, we have developed a highly efficient PGM-free catalyst comprised of three-dimensional (3D) nickel foam (NF) supported NCNT arrays in which CoNi alloy NPs were rationally implanted into the NCNT apex (the final product denotes CoNi@NCNT/NF). As a result, the as-prepared CoNi@NCNT/NF exhibited excellent catalytic performance toward both ORR and OER. Moreover, the rechargeable ZAB coin cells were assembled using CoNi@NCNT/NF that showed impressive performance in terms of output power density, and 5 long-term cyclability, outperforming equivalent PGM catalysts.
RESULTS AND DISCUSSION
The CoNi@NCNT/NF catalyst was synthesized through the following steps ( (Fig. S3) , where there is an apparent lack of metal NPs in the carbon nanotube arrays apex, as shown in Fig. S4 a and b . This implies that the growth of the NCNT/NF follows a "base-growth" mechanism, further indicating the incorporation of Co compounds into the fabrication precursor plays a vital role in the apically dominant growth mechanism for CoNi@NCNT/NF.
Transmission electron microscopy (TEM) image (Fig. 1d) of the CoNi@NCNT catalyst further confirms that metal NPs are encapsulated within the carbon nanotube apex. Highresolution transmission electron microscopy (HRTEM) images in Fig. 1e show a well-defined graphite lattice spacing in the range of 0.42-0.54 nm (see Fig. 1f ), which is larger than the typical lattice spacing of pristine graphite (0.34 nm). This can be attributed to the addition of nitrogen elemental dopants in the graphite layers, which increases the spacing of carbon layers. 16 This is especially apparent for the carbon layers directly surrounding the metal NPs. The number of carbon layers surrounding the metal NP are also variant and highlighted in Fig. 1e and f as: 1-layer corresponding to the blue and red areas, 3-layer for the yellow area, and 6-layer for the purple area. This implies the metal NP has more effect on the most-outer carbon layer of tip section in NCNT than those of other places. Moreover, a lattice spacing of 0.2 nm is observed for the selected area in HRTEM image (Fig. 1e) , which agrees well with the (111) crystal plane of CoNi alloy. 17 TEM elemental mapping shows that N and C signals are uniformly distributed within carbon nanotubes, whereas Co and Ni signals are only detected at the black-contrast apical domains in the upper carbon nanotube sections. These findings suggest that nitrogen element is doped into the carbon nanotubes, and the metal NPs within the carbon nanotubes are comprised of Co and Ni elements. X-ray diffraction (XRD) patterns for both CoNi@NCNT/NF and NCNT/NF show diffraction peaks located at 26° (Fig. S5) , which is corresponding to the 7 (002) crystal plane of CNTs. Notably, the (002) diffraction peak of CoNi@NCNT/NF exhibits higher intensity and a smaller peak width at half height (FWHM) than that of NCNT/NF, indicating the high graphitization degree of CoNi@NCNT/NF. (Fig. S9 ). In contrast, there are 4.2 at.% Pyr-N and 5.9 at.% Gra-N (Fig. S10 ) in NCNT/NF, which are slightly higher than those in CoNi@NCNT/NF. Meanwhile, previous reports suggested that both Pyr-N and Gra-N species can act as active sites for ORR and OER. [19] [20] Therefore, it may be expected that a higher catalytic activity would be observed on the NCNT/NF as compared to the CoNi@NCNT/NF. On contrary, the following electrochemical measurements performed in this work have demonstrated that the catalytic activity of CoNi@NCNT/NF was indeed higher than NCNT/NF. We hypothesize that the alloyed CoNi NPs 8 within the CoNi@NCNT/NF may have synergistic effects that further improve nitrogen dopant catalytic activity. 17 To better understand the effect of apical dominance for improving the catalytic activity of NCNT arrays, we proposed a mechanistic model to illustrate the electrochemical process on CoNi@NCNT/NF and NCNT/NF electrodes, respectively. A typical schematic diagram of the CoNi@NCNT/NF electrode is illustrated in Fig. 2a . We assume that the NCNTs are vertically grown from the NF surface, where much of the electrochemically relevant species have access to only the NCNT array apex, which can be attributed to the hydrophobic NCNT surface preventing molecular permeation. The implantation of CoNi NPs within the NCNT apical domains could promote catalytic efficiency of the surface active sites, thus accelerating ORR/OER processes on the CoNi@NCNT/NF electrode. For comparison, the schematic illustration in Fig. 2b Table 1) . [21] [22] [23] [24] The NCNT arrays also provide the nickel foam with an increased, readily accessible active area, as Stability is an important parameter for evaluating catalytic performance of electrocatalysts, the chronopotentiometry curves (Fig. 2d) show the stability of the CoNi@NCNT/NF electrode for ORR and OER, which is much higher than those of other electrodes in our study, with almost no decay of operating potential for either ORR or OER after 10h of operation at 10 mA cm -2 . Interestingly, the OER overpotential for CoNi@NCNT/NF is shown to decrease after stability testing for 10h, which could be attributed to the formation of hydroxylated surface. [25] [26] In contrast, an increased overpotential is observed for both the NCNT/NF electrode and the Pt/C+RuO2/NF electrode after ORR/OER testing for 10h (Fig. 2e) . Moreover, the potential difference between LSVs of ORR and OER at 10 mA cm The same phenomenon can also be obtained through the amperometric (i-t) analysis (Fig. S12 ).
To gain further insight into the effect of apical dominance on NCNTs, the catalytic contribution derived from the nickel foam should be ruled out. Therefore, the NCNTs from CoNi@NCNT/NF and NCNT/NF electrodes were individually stripped from nickel foam by sonication, and compared by cyclic voltammetry (CV) using rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) evaluations. As shown in The ORR catalytic performance for CoNi@NCNT were also evaluated by RRDE measurements.
The RRDE voltammograms in Fig. 3e show a larger disk current and more positive overpotential of CoNi@NCNT than those of Pt/C. Moreover, the ring current of CoNi@NCNT is as low as that of Pt/C. Concurrently, the electron transfer number (n) and HO2 -yield for electrochemical reduction of oxygen can be calculated from ring and disk current ( Despite the CoNi@NCNT electrode performed well in the electro-reduction of oxygen, the actual active sites are still ambiguous since various active species that could be formed on the carbon surface during the pyrolysis, such as N-C, Metal-N/C and metal compounds such as carbides and oxides. 6, 27 To ascertain the identity of the active sites, we studied the Fig. 4b . This calculation suggests that there is a repulsion between two layers in the two wall CNT, which is a feature that is also found in bilayer graphene. To shed light on the ORR catalytic behaviors of, we further investigated the chemical reaction mechanism for the reaction on the surfaces of the CoNi@NCNT. To study the detail ORR mechanism, we computationally designed a cluster model of CoNi cluster and determined the lowest energy state and stability of the CoNi cluster. We found that the CoNi cluster with the spin=3 and multiplicity=4 is the stable conformer and it has the lowest energy state. The CoNi cluster was encapsulated by the N-doped CNT in our model system. To balance the C-valances, extra H-atoms were added in the CoNi@NCNT model system as shown in Fig. 5 . We find that ORR starts with O-O chemisorbing onto the surface of CoNi@NCNT. To describe the reaction network for the ORR mechanism using our model system on the surfaces of the CoNi@NCNT, we followed the total four reaction steps below: of ZAB coin cell using commercial Pt/C and those of other ZAB tested in coin cell configuration with ambient conditions (Table   S2 ).
2, 19
These results highlight the outstanding catalytic activity of CoNi@NCNT/NF in a ZAB system and are ascribed to the 3D porous structure of nickel foam combined with highly active NCNTs arrays which facilitate O2 diffusion and the optimized surface nature of NCNT arrays by incorporation of CoNi NPs into NCNTs. The specific capacity for our ZAB coin cell was calculated to be 655 mAh gZn . When the discharge current was increased to 20 mA cm -2 , the specific capacity of our battery reached as high as 631 mAh gZn -1
(energy density of 738 Wh kgZn -1 ). Note that the energy densities are higher than the state-of-the-art ZAB using N, P co-doped carbon foam catalysts. 2 Meanwhile, the discharging potentials for ZAB using CoNi@NCNT/NF at 5 mA cm These results confirm again a favorable catalytic activity for CoNi@NCNT/NF serving as air electrode in ZAB. Given that the CoNi@NCNT/NF exhibited good bifunctional activity toward both ORR and OER, the discharge and charge polarization measurements for ZAB should also be considered for assessing the rechargeability using CoNi@NCNT/NF electrode. The polarization curves in Fig. 6d reveal that both the discharging and charging curves of the CoNi@NCNT/NF electrode in ZAB show lower overpotentials at different current densities than those of the ZAB comprised of the Pt/C+RuO2/NF electrode. Similarly, the sufficient rechargeability of ZAB coin cell with bifunctional CoNi@NCNT/NF electrode was also identified by the stable galvanostatic charge-discharge profiles in which no obvious potential drop was detected after a long-term cycling of over 28h at 5 mA cm -2 . It is worthy of note that the difference between discharge and charge potential (∆EDC) of the ZAB assembled with the CoNi@NCNT/NF electrode (∆EDC = 0.52 V) is much smaller than that of the battery using the Pt/C+RuO2/NF electrode (∆EDC = 0.8 V) and the leading results reported elsewhere.
2, 5
The rechargeable performance sufficiently proves the highly efficient and stable catalytic activity of the CoNi@NCNT/NF electrode toward both ORR and OER in such a harsh environment of ZAB coin cell. As shown in Fig. S19 , it is found that the CoNi@NCNT/NF electrode still maintains a high-density of NCNT arrays on nickel foam surface after 28h cycling test, suggesting robust characteristics with a long-term stability in ZAB.
In a certain sense, a ZAB with high capacity and controllable potentials is desirable for application beyond small electronic devices such hearing aids. For this consideration, we constructed a rechargeable ZAB pouch cell to show that our bifunctional CoNi@NCNT/NF electrode can be applied in a large scale rechargeable ZAB. As shown in Fig. S20a , a rechargeable ZAB pouch cell contains the same configuration to that of the ZAB coin cell.
However, the ZAB can be designed with a flexible configuration such as a serial or parallel circuit using the pouch cell. Unsurprisingly, the rechargeable ZAB pouch cell assembled with the CoNi@NCNT/NF electrode can be used to start-up a timer (1.5 V, Fig. S20b ). Meanwhile, we also examined the durability of the CoNi@NCNT/NF in the rechargeable ZAB pouch cell by long-term discharge-charge cycling test. As a result, the pouch cell using CoNi@NCNT/NF electrode shows superior cycling performance with almost no attenuation after 810 cycles (18h) to that of the pouch cell using Pt/C+RuO2/NF (756 cycles with 16.8h, Fig. S21 ). For the application of ZAB with a higher output potential, we also designed a pouch cell with two tandem ZABs, as illustrated in Fig. S22 . The as-prepared pouch cell with two tandem ZABs was discharged under 10 mA cm -2 over 25h, which exhibited a stable discharge potential at 2.31 V without attenuation (Fig. S23) . At the same time, the discharge potentials of 1.06 V and 3.46 V were obtained for the single and the three tandem circuits of ZAB pouch cells, respectively, which suggests an effective strategy to extend the application of our ZAB by controlling of the inner configuration and circuit. Incorporation of the apical dominance theory for NCNT array fabrication will undoubtedly pave a way for rationally designed advanced bifunctional electrodes for renewable energy systems.
CONCLUSIONS
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Supplementary Figures:
Experimental section
Synthesis of CoNi@NCNT/NF
The synthesis of CoNi@NCNT/NF contains the following three steps: i) Firstly, one piece of cleaned nickel foam (denotes as NF, the size is 3.5 cm length and 2 cm width) was fully coated with 5 g melamine powder in a ceramic boat by repeated compression, and followed by heat treating of the melamine-coated nickel foam in a furnace with air atmosphere within 1h to form g-C3N4-coated nickel foam (as depicted in Fig. S1b , the product denotes C3N4/NF); ii) Then, the C3N4/NF was immersed in 0.1 M cobalt nitrate solution, dried and subsequently heat treated in furnace within 10-20s to allow the C3O4 deposition on C3N4/NF surface. This procedure was repeated three times to form Co3O4/C3N4/NF (Fig. S1d) ; iii) Finally, the CoNi@NCNT/NF was obtained by heat treating of Co3O4/C3N4/NF in CVD at 700 o C with N2 flow followed by washing and drying.
Synthesis of NCNT/NF
The NCNT/NF was synthesized following the same procedure to the CoNi@NCNT/NF, except that the second step of Co3O4 deposition was removed.
Characterization
The samples were characterized by a field-emission scanning electron microscope (FE-SEM, ZEISS ultra 55) and a high-resolution JEOL JEM-2100F TEM at 200 kV. Raman spectra were obtained using a Renishaw Raman RE01 scope (Renishaw, Inc.) with a 532 nm excitation argon laser. The chemical state of elements were detected by X-ray photoelectron spectra (XPS) measurements using a PHI Quantera SXM scanning X-ray microscope. The X-ray diffraction (XRD) patterns were obtained by using a powder XRD system (Rigaku D/Max Ultima II, Cu Kα radiation). Nitrogen adsorption-desorption isotherms were measured at 77 K by a Quantachrome Autosorb-3b Brunauer-Emmett-Teller (BET) Surface Analyzer. Before measurements, all samples were degassed at 383 K under vacuum for 2h.
Electrochemical analysis
All electrochemical measurements were conducted with a CHI 760E electrochemical workstation in a conventional three-electrode cell, with platinum foil as the counter electrode, Ag/AgCl as the reference electrode, and a catalyst-modified glassy carbon electrode (GCE) as the working electrode. The catalyst inks were fabricated by dispersing 2 mg of catalyst into a solution containing deionized water, isopropanol and Nafion (5%) at a volume ratio of 4:1:0.025 to form a homogeneous suspension with the catalyst concentration being 2 mg mL The number of electron transfer (n, eq. 1) and the HO2 -yield (eq. 2) in oxygen reduction were estimated by the following equations:
where N is the collection efficiency (37%), IDisk and IRing are the voltammetric currents at the disk and ring electrodes, respectively.
The rechargeable Zn-air coin batteries (CR2032 coin cell) tests were performed in a two electrode cell with CoNi@NCNT/NF or Ni@NCNT as the cathode (For precious metal electrocatalysts, the Pt/C or RuO2 ink within ethanol/Nafion solution was drop-casted on nickel foam electrode as air electrode), a polished Zn plate as anode and a glass fiber containing 6 M KOH and 0.2 M Zn(OAc)2ꞏ6H2O as the separator. The battery testing was performed in ambient environment on a LAND CT2001A instrument.
Computational methods
Periodic Calculations.
We have studied the equilibrium structures and electronic properties of the CNT, NCNT and
CoNi@NCNT using periodic hybrid dispersion-corrected density functional theory; B3LYP-D3, [1] [2] [3] [4] or DFT-D for short, as implemented in CRYSTAL17. 5 In the present computations, we have incorporated van der Waals (vdW) "-D3" dispersion corrections proposed by Grimme, which includes an additional R -8 term in the dispersion series. [2] [3] [4] Triple-zeta valence with polarization function quality (TZVP) basis sets were used for the C, N, Co and Ni atoms in the periodic DFT-D calculations. 6 The threshold used for evaluating the convergence of the energy, forces, and electron density was 10 
Non-periodic Calculations.
We have also performed a hybrid dispersion-corrected DFT-D (i.e. B3LYP-D3) calculation to investigate the catalytic activity of the CoNi@NCNT considering a molecular cluster model system. [1] [2] [3] [4] DFT-D calculations of all the molecular systems studied here were performed using the general purpose electronic structure quantum chemistry program Gaussian 09 package suite with the default convergence criteria.
8
The 6-31+G** Gaussian type basis sets were used for the H, C, N and O atoms 9 as well as LANL2DZ with effective core potentials (ECPs) were also used for both the Co and Ni atoms.
10-11
The LANL2DZ basis set with ECPs, combines the efficiency of a core-potential-containing basis set with the accuracy of all-electron basis sets such as 6-31+G**, and is well balanced with such basis sets. The harmonic vibrational analysis was performed at the optimized geometry using the same level of theory to obtain the zero-point vibrational energy (ZPE). The vibration calculations did not have any imaginary frequencies, that confirms the stability of the present compounds. The reaction enthalpy changes at 298 K was calculated as the sum of the changes in the electronic energy and the calculated enthalpy corrections. The DFT-D method was used for geometry optimization because densities and energies obtained with the method are less affected by spin contamination than other approaches.
12-14
The corresponding relative Gibb's free energy of the ORR was calculated as
where E is the electronic energy and TΔSvib represented the entropic contributions. Zero-point energy (ZPE) corrections were also included based on the calculated vibrational frequencies. We computed entropy contributions to the energies at ambient temperature via frequency analysis, and used the enthalpy (Hvib) and entropy (Svib) outputs to calculate free energies of formation for all relevant intermediates using the standard established protocol. Whereas the NF electrode is directly contacted with electrolyte and O2, which will lead to the slow dissolution of surface active sites on NF. ).
